ABSTRACT
Introduction

20
Shallow geothermal systems can provide an efficient energy source to provide domestic heating 21 and cooling. Especially for decentralized energy supplies, ground coupled heat pump systems can Manuscript received April 17, 2013; accepted for publication February 10, 2014; published online xx xx xxxx.
1.
39
Securing the heat transport from the rock to the heat car- From the point of view of approval authorities, the first 47 requirement is desirable; the second requirement is essential. 48 The impermeability (or acceptable low permeability) of the sys-49 tem has to be provided under all possible operating conditions. 50 For an optimized design of a BHE it is necessary to con-51 sider accurate parameters like thermal conductivity of the soils 52 penetrated by the borehole. These parameters can be estimated 53 using in situ tests like the geothermal response test (GRT) or 54 enhanced geothermal response test (EGRT). Consequently, the 55 amount of thermal energy that can be supplied by the BHE can 56 be calculated precisely and thus the whole system can be 57 optimized. 58 An optimized system means that long-term sufficient tem-59 perature extraction is guaranteed. If the BHE is used for heating 60 only, it is likely that the soil temperature will decrease in the vi-61 cinity of the borehole, especially at the end of heating periods. 62 In order to provide a sufficient heat extraction, the heat pump 63 will run with relatively low working fluid temperatures. Using 64 water as the working fluid restricts the temperature of the 65 return flow from the heat pump to the BHE. To cover peak 66 heating demands during times of extensive heat extraction, 67 national directives (e.g., VDI 2001) permit working fluid tem-68 peratures below 0.0 C (32.0 F). Therefore, it is necessary to use 69 working fluids that remain in liquid phase at temperatures 70 below 0.0 C (e.g., monoethyleneglycol-water mixtures) (Meh-71 nert 2004). Consequently, freezing of the surrounding grout or 72 even of surrounding soil is possible . 73 This process is commonly referred to as freeze-thaw-cycle 74 (FTC) . In the area where pore water first freezes in a soil, it is very 197 likely that phase change from liquid water to frozen water 198 occurs without visible ice lens growth as outlined in Fig. 1 199 (Konrad and Morgenstern 1980; Unold 2006 ).
200
For a given overburden pressure, ice lens growth is a 201 function of water supply and the gradient of heat loss. Near the 202 surface of fine grained soils or grouting materials, there is not 203 enough water for the accumulation of ice lenses. This is caused 204 by the relative low hydraulic conductivity of these materials. A 205 suction process begins from the inner structure towards the 206 freezing-front. With increasing distance from the point of frost 207 penetration, the probability of ice lenses increases as water 208 supply becomes sufficient. When taking a closer look at the 209 described testing procedure, not only the axis of frost penetra-210 tion is important, but also the direction (Fig. 1) . A grout speci-211 men frozen from outside in receives its crucial disruptions in 212 the centre (Fig. 2, left) . A specimen frozen vice versa, from 213 inside out, has its heaviest disruptions at the outer edge ( Fig. 2 , 214 right). This is because ice lenses grow in the direction of heat 215 loss.
216
Comparing the crack patterns of the specimens shown in 217 Fig. 2 with the schematic process of ice lens growth in fine 218 grained soils ( Fig. 1) , it is evident that these mechanisms corre-219 late. The ice lens thickness increases with increasing distance 220 from the coldest surface in contact with the soil. When the soil 221 thaws, cracks result from the ice lens formation. This mecha-222 nism corresponds to the radial mechanism in the testing device. was calculated true to scale (see Fig. 4 and Eq 2). 
FIG. 3
Schematic of the testing device (left) and specimen for freeze-thaw-testing (right).
FIG. 4
Schematic of the specimen design. Left: BHE with a closed double-U-loop; Right: Specimen for freeze-thaw-testing. As the most common design of BHEs in Europe is the dou-282 ble-U-loop-type, the calculation was based on it. Assumptions 283 for the calculation are shown in Table 1 . As the geometrical rela-284 tions (Eq 2) of the BHE and the specimen are comparable, the 285 relative increase in hydraulic conductivity due to imperfect 286 bonding between grout and pipe is considered to match in situ 287 conditions.
The specimens have an axial-symmetrical geometry; the actual 289 position of the probe in situ will most likely vary from this 290 idealized design. It is obvious that the chosen specimen design 291 will lead to a higher hydraulic conductivity than specimens of 292 bulk grout. The contact area of the hydrophilic grout and 293 hydrophobic HDPE is a preferred water path (Allan and Philip-294 pacopoulos 1998; Baumann et al. 2003) . As the water can flow 295 along the surface of the pipe and through the grout, the tested 296 vertical hydraulic conductivity will be higher than the conduc-297 tivity of bulk grout. In a BHE, another area of increased fluid 298 velocity is the surface between the grout and the surrounding 299 soil. However, the connection of these two hydrophilic materials 300 (grout and soil) is only of little importance to the systems' seal-301 ing (Baumann et al. 2003) . Consequently, the most critical flow 302 path is tested.
303
Due to a significant dependence of the grouting material 304 properties on the effective temperature during the hydration 305 process, the storage of the specimens has to follow in situ 306 temperature levels. The specimens have to be stored in a 307 temperature-controlled chamber. In this case, the temperature 308 of the chamber was set to 8 C (46.4 F).
309
As the grout needs to prevent the BHE from hydraulic con- Casting systems were constructed as presented in Fig. 5 for 319 a standardized specimen preparation.
320
The casting system fixes the pipe in the axial middle of a 321 cylinder. The cylinder is lubricated with petroleum jelly in order 322 to minimize bonding between grout body and casting system.
323
The casting cylinder can be opened from the side (Fig. 5, right) .
324
Thus specimens can be easily removed. The cylinder is bordered 325 by an upper and a bottom plate.
326
After removing the specimen from the casting system, the 327 grout body of the specimen is trimmed in axial length to a cylin-328 drical shape (Fig. 3, right) . The axial surface of the grout body 329 has to be perfectly even. The following diagram (Fig. 7) shows the characteristic 387 temperature curves of the freezing process of three testing devi-388 ces at the same time.
389
The temperature was logged between the outer edge of the 390 cylindrical grout specimen and insulation every 300 s. The hydraulic conductivities are measured before and after 416 cyclic freeze-thaw-stress. The results of these tests are shown in 417 Fig. 8 .
418
The increase in hydraulic conductivity with increasing 419 number of cyclic freeze-thaw-stresses is evident. This increase 420 depends on the grouting materialÇ s properties. The hydraulic 421 conductivities of the three tested grouts are in the order of mag-422 nitude at 1 Â 10 À07 m/s. These results resemble prior grout/ 423 probe tests of neat cement mixtures (Allan 2000) . Certain 424 grouts have a low susceptibility to cyclic freeze-thaw-stresses 425 (Grout B) and other materials are strongly influenced by the 426 testing procedure (Grout C).
427
The first freeze-thaw-stresses have a higher influence on the 428 permeability than the following ones. These findings correspond 429 with the ASTM D-6035-08 and the investigations of 430 Moo-Young and Zimmie (1996) . Temperature log of one freeze-thaw-cycle. (Allan and Philippacopoulos 1998) . This is because the setting 463 conditions were substantially different. In this study, in situ 464 conditions are simulated first. The decreased temperature and 465 the limited water supply result in changed material properties 466 as the hydration process itself is influenced.
FROST INDUCED CHANGE IN STRUCTURE
468 During the phase change of water and ice lens growth volumet-469 ric change occurs. This change exerts pressure that stresses the 470 solid structure of the grout. It can be observed that the hypothe-471 sis of a radial heat flow and thus an axis-parallel frost front is 472 confirmed. Frost induced disruptions in the specimens ( The specimens of grout B display the lowest hydraulic 492 conductivity after six freeze-thaw-cycles. This correlates with 493 the visual observations of the cracking patterns.
494
In order to verify the influence of the swelling clay content 495 on the freeze-thaw-resistance and the cracking pattern, another 496 grouting material was tested. This grout is not thermally 497 enhanced and contains no swelling clays. Again, the setting 498 conditions were exactly the same. The specimens were subjected 499 to one freeze-thaw-cycle and subsequently dried (Fig. 12) .
500
The disruptions are vertical. It is obvious that the cracks 501 appear perpendicular to the propagation of the frost front. 502 These are typical frost induced disruptions and correlate with 503 the disruptions of the other tested grouts. The grout without 504 swelling clays is highly influenced by the FTC.
505
During the thawing process, the frost induced vertical 506 cracks formed (Fig. 12) . where:
) (Rühaak and Sass 2013) 532 An excerpt of the assumed material properties is shown in 533 Table 3 .
534
As the testing device is axisymmetric, the numerical model 535 can be simplified (Fig. 13, left) . The 2D sketch of the device is 536 calculated as a rotationally symmetric body (compare to Fig. 3 and Fig. 13, left) . As an experimental verification of the temperature distribution, 555 thermal imaging was applied to the frozen specimens. Therefore 556 specimens are prepared and subjected to the described testing 557 procedure. After defined time intervals (here: 4, 5, and 15 h) 558 freezing is stopped, the testing device is opened, specimens are 559 cut open and a thermal image is taken (Fig. 14) . Thus tempera-560 ture distribution on the split-area of the grout body is recorded 561 and the propagation of the frost front can be observed. For each 562 time interval a separate specimen is used.
563
The presented thermal images (Fig. 14) are those of three 564 selected time intervals. Due to the splitting process there are dis-565 turbances at the outer edge of the specimen (right-hand edge of 566 Fig. 14(a) ). Since the surface temperatures are measured, these 567 disturbances have an influence on the results and need to 568 be considered for the evaluation. The inner structure of the 569 specimens is not thermally affected by the splitting process and 570 consequently the thermal distribution inside the specimen can 571 be quantified.
572
After 4 h of freezing (working fluid temperature of À10.0 C/ 573 þ14.0 F), the temperature of the grout body has decreased.
574
Temperature at the inner edge of the grout body is lower than 575 the temperature at the outer edge ( Fig. 14(b) ). In the near field of 587 specimen has dropped below 0.0 C (Fig. 14(c) ). During the 588 following freezing time, temperature of the whole specimen 589 drops below 0.0 C (Fig. 14(d) ) and remains in freezing tempera-590 ture conditions until thawing is initialized.
591
The thermal imaging shows that the freezing process inside 592 the specimens corresponds to the radial shape of the freezing in 593 BHEs and the numerical results. Since temperature is below 594 0.0 C, ice lens growth is possible.
595 Discussion
